Thermophotovoltaics (TPV) is the process by which photons radiated from a thermal emitter are converted into electrical power via a photovoltaic cell. Selective thermal emitters that can survive at temperatures at or above ∼1000°C have the potential to greatly improve the efficiency of TPV energy conversion by restricting the emission of photons with energies below the photovoltaic (PV) cell bandgap energy. In this work, we demonstrated TPV energy conversion using a high-temperature selective emitter, dielectric filter, and 0.6 eV In 0.68 Ga 0.32 As photovoltaic cell. We fabricated a passivated platinum and alumina frequency-selective surface by conventional stepper lithography. To our knowledge, this is the first demonstration of TPV energy conversion using a metamaterial emitter. The emitter was heated to >1000°C, and converted electrical power was measured. After accounting for geometry, we demonstrated a thermal-to-electrical power conversion efficiency of 24.1 0.9% at 1055°C. We separately modeled our system consisting of a selective emitter, dielectric filter, and PV cell and found agreement with our measured efficiency and power to within 1%. Our results indicate that high-efficiency TPV generators are possible and are candidates for remote power generation, combined heat and power, and heat-scavenging applications.
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INTRODUCTION
Thermophotovoltaic (TPV) energy conversion has long been recognized for its potential to efficiently convert high-grade radiated heat (>1000°C) directly into electrical power using a photovoltaic (PV) cell. Thermophotovoltaics was initially conceived of in the 1960s ( [1, 2] ) as a higher-temperature, higher-efficiency replacement for thermionics and thermoelectrics. TPV systems are extremely versatile; a hot emitting surface and a low-bandgap PV cell can be combined with any kind of heat source (concentrated solar energy, a radioisotope thermal generator, a combustible fuel, etc.) to generate electrical power for a wide range of applications including remote generators [3] , combined heat and power systems [4, 5] for homes, spacecraft power sources [6] , and solar thermophotovoltaic (STPV) power for both space and terrestrial applications [7] [8] [9] .
The field of thermophotovoltaics has undergone numerous evolutions, first as low-bandgap PV began improving in the mid-1980s [10] and then in the last decade with the advent of high-temperature, spectrally selective emitters [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . It has generally been considered that 20% efficiency is necessary for large-scale adaptation of TPV [21] , but despite its potential, only one full commercial TPV system has ever been developed [22] . Part of the reason is that TPV systems must operate in a narrow slice of parameter space. The thermal emitter must be hot enough (>800°C) such that a significant amount of the emitted power exists above the bandgap of a photovoltaic cell. However, the internal quantum efficiency of PV cells become significantly worse as their bandgap energies decrease below 0.6 eV. Even at the most favorable extremes of these limits, Wien's displacement law tells us that the peak of a 1000°C blackbody is 2.27 μm, below the 2.06 μm bandgap wavelength of a 0.6 eV PV cell, and only 20% of photons are emitted above the bandgap. As temperatures are pushed higher, the blackbody spectrum becomes better aligned with PV cells, but only certain materials with desirable optical properties have high enough melting points to survive, and even then, their optical properties when hot deviate from those at room temperature [23] . Thus, a high-efficiency TPV system must contain high-quality low-bandgap PV material, a hot-but-not-too-hot emitter, and an ability to reduce or recycle energy that is emitted below the PV bandgap.
While the thermodynamic limit of thermal-to-electrical constudies that have employed realistic spectral filtering arrived at maximum practically attainable efficiencies closer to 25% [23, 27] . Recently, numerous experimental studies have been performed on high-temperature selective emitters that can help reach the 20% efficiency target. Various methods, including epsilon-near-zero metamaterials [14] , photonic crystal microcavities [28, 29] , inverse opals [30] , and frequency-selective surfaces (FSSs) [13] , have been employed to restrict the radiated power from the emitter below the bandgap of the PV cell. For the highest conversion efficiencies, selective emitters are necessary but not typically sufficient, due to small but non-negligible emissivity below the photovoltaic bandgap. To further improve the conversion efficiency, selective emitters have been paired with additional spectral filtering, such as dielectric filters, to promote photon recycling [23] , and the prospect of near-field energy transfer has also been explored [31] [32] [33] [34] [35] .
In spite of this rich body of work on emitters and TPV models, very few experimental demonstrations of actual TPV power generation have been reported in this century [36] [37] [38] [39] [40] , and many practical considerations, such as the performance of the selective emitter at high temperature, have been under-studied. In this paper, we report on an experimental demonstration of TPV energy conversion above the 20% efficiency threshold. Our experimental system consists of a passivated platinum and alumina metamaterial selective emitter (SE) by conventional stepper lithography, paired with a stand-alone dielectric filter (DF) and an In 0.68 Ga 0.32 As five-junction monolithically integrated module (MIM) photovoltaic cell. The emitter, cemented to a cartridge heater, was heated to 1055°C, and converted electrical power was measured. By removing the effects of the geometrical view factor, we demonstrated a thermal-to-electrical power conversion efficiency of 24.1 0.9% at 1055°C. This is, to our knowledge, the first demonstration of TPV energy conversion utilizing a metamaterial emitter. We separately modeled our system consisting of a SE, DF, and PV cell and found agreement with our measured efficiency and power to within our margin of error.
Our chosen SE consists of an array of platinum pucks (diameter d 250 nm, pitch p 650 nm, height h 45 nm) separated from a platinum backplane (t b 200 nm) by a layer of alumina (s 90 nm) and encapsulated by an additional conformal layer of alumina (t e 150 nm). The initial platinum and alumina layers were deposited on a 100 mm diameter, 0.65 mm thick C-plane single-side polished sapphire wafer (MTI ALC100D065C1) using electron-beam evaporation. The wafer was rinsed with solvents and cleaned in O 2 plasma for 15 min prior to deposition. A 3 nm thick chrome sticking layer was deposited under the platinum backplane to promote adhesion to the substrate. After deposition, an antireflection coating (ARC) and positive photoresist were spin-coated onto the substrate. The substrate was patterned using deep-UV stepper lithography, followed by development of the photoresist and stripping of the ARC using N-methyl-2-pyrrolidone (NMP) (Microchem). In typical wafer processing, tetramethylammonium hydroxide (TMAH) would be used instead of NMP, as NMP can leave behind resist residue. However, we found that TMAH etches alumina as well. To remove the resist residue, a 40 s O 2 plasma descum was performed in a reactive ion etcher (RIE). This was followed by the deposition of the top platinum layer without a chrome adhesion layer, removal of the photoresist, reveal of the pattern by liftoff, and O 2 plasma clean. We then grew a 150 nm alumina encapsulation layer by atomic layer deposition (ALD) and diced the wafer into 18 mm × 18 mm square pieces for measurement.
An optical image of a mounted SE die and an scanning electron microscope (SEM) image of a portion of it are shown in Figs. 1(a) and 1(b), respectively. Details of the emitter design have been published previously [13] . The emitter in Fig. 1(a) is mounted on a cartridge heater with integrated thermocouple (HeatWaveLabs) capable of heating to 1200°C. Two additional thermocouples [one shown in Fig. 1(a) ] are epoxied to the exposed heater surface, directly next to the emitter. The mounted sample is part of a larger experimental apparatus shown in Fig. 1(c) . A circular aperture of radius r ap 5 mm and thickness t ap 1.75 mm is located h ap 6.35 mm above the emitter to prevent emission from any other hot surface from reaching the detector. The detector was mounted on a vertical translation stage at height h above the emitter to control and calibrate the separation. All distances were measured using a digital micrometer and are accurate to better than 0.1 mm. The lateral alignment between the aperture and the detector was accurate to 1 mm.
A custom DF designed to be highly transmissive between 1 and 2 μm and reflective between 2 and 5 μm was placed on top of the aperture in experiments using the SE. The DF consists of alternating high and low index layers sandwiched between calcium fluoride (CaF 2 ) sub-and superstrates. The glue that holds the super and substrates together has small absorption features between 2.5 and 3.5 μm that absorb less than 1% of the total emitted power. The modeled transmission, reflection, and absorption of the filter at normal incidence are shown in Supplement 1, Fig. S1 .
Two different detectors were used in the experiments. In addition to the five-junction InGaAs PV cell, a ThorLabs S302C thermal power meter (TPM) with flat responsivity ∼98% throughout the infrared was used to calibrate the emission from the emitters. The cartridge heater, aperture, and detector are each Research Article cooled by house-chilled water at 9°C. The entire apparatus is housed in a vacuum chamber whose pressure is maintained at 1e-3 torr throughout the experiments.
The temperature of each of the three heater thermocouples, the power delivered to the heater, the output of the power meter, and the temperature of the power meter were recorded as a function of time. The power supplied to the heater was gradually increased over approximately 1 h until the temperature of the emitter surface exceeded 1000°C. The two thermocouples measuring the temperature of the emitter surface agreed to within 1% throughout the operating range and differed by an average of 0.8% (see Supplement 1, Fig. S2 ) above 800°C.
A Si chip with known emissivity [41, 42] was used to characterize our geometric view factor (VF): the fraction of power radiated from the hot emitter that is collected by the detector.
The view factor for a Lambertian emitter is calculated as
where A emit and A det are the areas of the emitter and detector, respectively, and dF is the fraction of radiation from area d A emit incident on area d A det . For a Lambertian emitter,
where θ is the angle between the surface normal and the ray of length l h∕ cosθ connecting d A det and d A emit . We use an additional restriction in our calculation of VF, removing all rays that do not pass through the aperture. The geometry for the VF calculation is shown in Fig. 2(a) . The view factor is necessary to calculate because it relates the power collected in a tabletop geometry, such as this experiment where VF ≪ 1 to one in a complete system where VF ∼ 1. Figure 2 (b) compares the optical power emitted by our SE to the optical power emitted by a blackbody. The solid blue curve is the radiosity of the blackbody, calculated as P bb P rec ∕εVF Si , where P rec is the power received by the TPM from the Si emitter, ε is the emissivity of silicon, and VF Si 6.3 × 10 −3 is the view factor of the Si-detector system when h 42.9 mm. The expected radiosity of a blackbody (dashed black line) is calculated from the Stefan-Boltzmann relation, P σT 4 ; σ is the Stefan-Boltzmann constant, and T is the temperature in Kelvin. We also compared the model and measurement as a function of emitter-detector separation [ Fig. 2(c)] . Because VF has a complex functional form, comparisons between this data and theory give a highly sensitive (see Supplement 1, Fig. S3 ) method of confirming proper calibration of the measurement geometry. The measured separation matches the separation corresponding to best agreement between the data points in Fig. 2(c) to 0.1 mm, and P bb differed from P rec by an average 3.6%. This translates directly to the 0.9% margin of error in our efficiency measurements. No fitting parameters on either the geometry or the temperature were used to force agreement between expected and measured power.
With the geometry well calibrated, we can compare our SE with unknown emissivity to a known Si emitter using direct measurements of geometry, without fitting, to calculate the view factor. The green curve in Fig. 2(b) represents the radiosity of the SE-DF system and is calculated by P SE-DF P det ∕VF SE-DF , where P det is the power received by the TPM and VF SE-DF 2.2 × 10 −3 is the view factor of the SE-DF-detector system when h 67.9 mm. The power ratio (PR), representing the restriction of power transmission by the spectrally SE-DF system when compared to a blackbody is given by
and is plotted along the right vertical axis (magenta curve) as a function of temperature. The SE-DF tandem transmits a larger fraction of the blackbody's power as the emitter temperature increases and the SE-DF transmission function overlaps more with the blackbody power spectrum, reaching 21% of the power of the blackbody at 1000°C. In experiments without the DF, the selective emitter emitted 53% less power than a blackbody. Next, we replaced the TPM with the photovoltaic cell. Our mounted, 0.6 eV bandgap 3.5 × 4.2 mm InGaAs PV cell is pictured in Fig. 3(a) . The PV cell was positioned 16 mm above the top of the aperture. The temperature of the emitter surface was gradually increased to 1055°C over approximately 1 h. During the ramp-up, the temperature was allowed to equilibrate periodically and current-voltage (IV) curves were collected [ Fig. 3(b) ]. The IV curves reveal a cell with open circuit voltage V OC 0.377 V/junction and fill factor FF 0.699 for short circuit current I SC 21.1 mA at 1055°C. The geometric view factor for the SE-DF-PV system was calculated to be 0.066 when h 16 mm using Eqs. (1) and (2) as before. The 0.1 mm difference between the measured emitter-PV separation and the bestagreement emitter-PV separation corresponds to a 1.3% change in VF. The difference between the measured temperature and the best-agreement temperature was 1°C. These errors combined result in an absolute uncertainty in our subsequent efficiency calculation of 0.2%.
At 1055°C, the power collected P out was 39.8 mW (0.27 W∕cm 2 ). Note that this is roughly 25% of the power expected from a blackbody radiator at this temperature with VF 1. Thus, because A cell ≪ A emit , the PV cell is operating near the thermal and photonic load of a field implementation despite the 16 mm gap between our SE and the PV cell.
With these measurements, we can now estimate the efficiency of a complete system with VF 1. This is equivalent to defining the efficiency as the ratio of electrical power generated by the PV cell (P out ) to the amount of power incident on the cell (P in ). The amount of power radiated per unit area by our selective emitter is PRT P bb T . The thermophotovoltaic efficiency is defined as
and is plotted in Fig. 3(c) . P out was calculated by finding IV max from the current-voltage sweeps. According to our measurements, a TPV device with VF 1 should have a thermal-toelectric conversion efficiency of 22.5% at 1008°C and 24.1% at 1055°C. These results are internally consistent with a system model that we built based on earlier emissivity measurements (Fig. 4) . In this figure, plotted along the left vertical axis, the black curve represents the external quantum efficiency (EQE) of the PV cell, the gray dashed curve is the transmissivity of the DF, and the blue curve is the emissivity of the SE. The SE emissivity was measured using an imaging Fourier Transform InfraRed (FTIR) spectrometer. Here a silicon reference emitter with known emissivity in thermal equilibrium with the selective emitter was used to calibrate the detector. The reference emitter and the selective emitter were mounted on a rotation stage such that either emitter could be placed in the optical path of the FTIR without adjusting any optics (see Supplement 1, Fig. S4 ). The combination of the beam splitter and detector in the FTIR led to a weak signal at short wavelengths, and correspondingly, a high level of uncertainty in the absolute value of the peak of the emission, although from room temperature reflectivity measurements we determine this value to be ∼0.95. No data was obtained below 1.3 μm, so the curve was extended at a fixed value of 0.9 to shorter wavelengths.
The green and red dashed lines in Fig. 4 are the blackbody radiosity, P rad , and blackbody photon flux density (normalized by qV OC FF to put in units of W∕cm 2 μm ) at 1050°C, respectively. The cyan shaded area represents the total power transmitted by the SE-DF system, while photon flux density normalization allows the shaded magenta area to the electrical power out on the same axis as P rad . Each of these curves are plotted along the right vertical axis. Shown this way, the thermal-to-electrical conversion efficiency is simply the ratio of the areas of the cyan and magenta shaded regions.
Because VF ≪ 1 in the experimental configuration, we ignore the effects of multiple reflections from the mirrored back surface of the PV, the DF, and reemission from the SE.
Our model predicts a photovoltaic conversion efficiency is 23.3% for an emitter at 1055°C, within 0.8% of the efficiency measured without the model. Without the DF, the efficiency drops to 15.4%. With the DF alone (no SE), the efficiency is only 12.1%. With our model, we can also estimate the spectral efficiency of the total system, defined as the fraction of photons received by the PV cell that are above the bandgap: η spec n absorbed ∕n emitted . We find that 70% of emitted photons are absorbed by the PV cell above the bandgap.
A prototype TPV converter will differ in a few key ways from our experiment. First, the thermal and photonic load experienced by the PV cell will be larger due to the increased VF. Based on data collected on similar PV cells [43, 44] and extrapolation from our data to unity VF, we expect V OC to approach 0.4 V/junction under full illumination at 1055°C, equivalent to increasing the thermal-to-electric conversion efficiency from 24.1 to 25.7%. This increase in efficiency will help offset the higher PV operating temperature associated with the increased photonic load and heat conducted via the walls of the TPV converter from the emitter to the PV cells, and other balance of plant considerations, such as The blackbody spectral radiosity (green dashed) and photon flux (red dashed), normalized to qV OC FF, are plotted along the right vertical axis for a surface at 1055°C. The forward power transmitted by the SE-DF system is represented by the cyan shaded area. The power generated by the PV cell is represented by the magenta shaded area, and η TPV is represented by the ratio of the two areas.
losses due to series and shunt resistances, that work to reduce the overall system efficiency in a functioning device.
Second, multiple reflections from the optical cavity consisting of emitter, filter, and PV cell with metal back-reflector can have a strong effect on the transfer function, especially if there is competition between cavities, such as between an emitter and the DF and between the DF and a back-reflector on the PV cell. The transmissivity function S of a multi-cavity system is written as
where ε is the emissivity of the emitter; T F and R F are the transmissivity and reflectivity of the DF and T F 1-R F , respectively, assuming no absorption in the DF; and R PV 1 − EQE above bandgap and R BF below bandgap. For a high-R BF PV cell, most of the selective emitter's below-bandgap radiation ultimately reaches the PV cell due to the high quality factor of the cavity formed by the DF and SE, rendering the DF useless. However, a system with a poorly reflecting back reflector will result in only a modest drop in efficiency (∼2% absolute). Improvements to the performance of the DF and SE below bandgap or choosing a different cavity configuration would reduce this reduction of the conversion efficiency. Third, while our experiments were performed in a vacuum chamber, a final device configuration will likely preclude vacuum operation due to associated costs. Operation in a noble gas ambient with an emitter-detector standoff of a few cm is a sufficient alternative, allowing radiative heat transfer between the emitter and PV to dominate over conductive heat transfer.
Fourth, the ultimate efficiency of fuel-based TPV power generators also depends on the efficient conversion of chemical fuel energy into usable thermal energy. Combustors using a catalyst and recuperator to reclaim the energy otherwise lost in hot exhaust gasses have been shown to have chemical-to-thermal conversion efficiencies greater than 80% [45, 46] , making 20%-efficient TPV generators attainable with our emitter-filter combination.
Ultimately, TPV devices will need to be efficient and have long lifetimes to rise beyond niche applications. Throughout these experiments, the SE underwent more than two dozen thermal cycles and spent more than 2 h over 1000°C. Separate tests after six thermal cycles and 2 total hours in an argon atmosphere at 1000°C showed that physical morphology changes were limited to a slight increase in surface roughness to a root mean squared value of 5 A as determined by atomic force microscopy and only after the first exposure to temperature. SEM images revealed discoloration of the encapsulation layer, indicating some reflowing and stress in the emitter, but no change in the pattern. Optical images also indicated this, showing an initial color change followed by an increase in visible haze after thermal cycling, likely due to the increase in roughness, but no additional change in color, which previous results indicate correlate very strongly with underlying morphology changes [13] (see Supplement 1, Fig. S5 ).
In conclusion, we have demonstrated TPV power generation using a selective emitter at 1055°C (1328 K), dielectric filter, and 0.6 eV In 0.68 Ga 0.32 As photovoltaic cell, generating 0.189 W∕cm 2 . The selective emitter was fabricated out of Pt and Al 2 O 3 layers using conventional photolithographic techniques that will allow us to affordably scale the fabrication.
Using a geometric view function, we determined that 24.1% of the radiation incident on the PV cell was converted into electricity. We closely matched our experimental performance to a model of the TPV system, which indicated that 70% of the photons transmitted by the SE-DF system were absorbed by the PV cell. The model was also used to understand how our experiment would extrapolate to a completed device. Our results are a promising step toward realizing a high-performance TPV converter.
Funding. Office of Naval Research (ONR) (N00014-15-C-0041); National Nuclear Security Administration (NNSA) (DE-NA0003525); Center for Integrated Nanotechnologies (CINT).
